Abstract-Short-term chronic and acute aquatic bioassays are valuable tools in screening a variety of environmental samples.
INTRODUCTION
Lake Michigan is impacted on its southern shore by several urban and industrial areas with correspondingly high levels of atmospheric particulate matter. As air masses laden with this anthropogenic particulate matter move across the lake, a portion of this particulate matter is deposited via dry and wet deposition. If toxic materials are in the deposited particulate matter, they could have a detrimental effect on the aquatic ecosystem. For example, studies have shown that significant amounts of polycyclic aromatic hydrocarbons (PAHs) are deposited into Lake Michigan via dry deposition [1] . Polycyclic aromatic hydrocarbons are known to have adverse biological effects, but they only comprise a small fraction of the total particulate matter depositing into the lake [1] . Presumably, other compounds and combinations of compounds in the particulate matter could be toxic and/or mutagenic as well.
By conducting short-term chronic and acute toxicity testing on extracts of ambient atmospheric particulate matter, the toxicity of the total soluble particulate matter can be ascertained. This measurement of toxicity includes any synergistic effects of the mix of chemicals included in the particulate matter extract. Toxicity measurements using short-term aquatic bioassays of ambient and source particulate matter have been conducted on a very limited scale [2] [3] [4] . These studies used the Microtox method (Microbics, Carlsbad, CA, USA) and showed measurable toxicity in their samples. However, these results were limited to methylene chloride extractions, and they did not address the toxicity of polar compounds or metals.
Mutagenicity testing has also been conducted on extracts of ambient and source particulate matter [4] [5] [6] [7] [8] [9] [10] . The methods used in these studies included bacterial and human cell assays. With this type of testing, PAH and nitrogen-or oxygen-substituted PAH have been found to be the primary factors in mutagenicity. However, exploration of bioassays not typically used for atmospheric samples may show sensitivity to compounds not previously shown to be toxic by mutagenicity or Microtox assays. A variety of bioassays, representing several possible biochemical pathways, more closely represents the complexity of an ecosystem's response to pollutants [11] .
The bioassays used in the present study were established by the U.S. Environmental Protection Agency for testing effluents and receiving waters [12, 13] (http://www.epa.gov/nerleerd/ methman.htm). As adapted in the present study for assessing the toxicity of atmospheric particulates, these methods expose aquatic organisms to the extract for a longer period than in the Microtox assay and, thus, may be more sensitive to toxicological differences among the particulate matter samples. Two types of extraction solvents were tested to enable a more complete characterization of the toxicity of the ambient particulate matter. A Soxhlet extraction using methylene chloride was tested and compared to a reconstituted hard freshwater extract.
The purpose of the present study was to illustrate the utility of whole-effluent toxicity testing methods in screening the potential toxicity of ambient atmospheric particulate matter from the Lake Michigan airshed to freshwater organisms, including Ceriodaphnia dubia and Selenastrum capricornutum. Acute and short-term chronic bioassays were employed and showed measurable toxicity to aquatic organisms.
It is important to remember that the concentrations of particulate matter tested in this type of short-term chronic and acute toxicity testing are much higher than would be encountered in the natural environment. The purpose, then, of this type of testing is not to simulate the natural environment but to provide information for making an initial comparison regarding the toxicities of atmospheric particulate matter from disparate sites and sources. Short-term aquatic toxicity tests indicate the potential danger of a substance, but they cannot be used to assess the risk of that substance [14] . Because risk includes the probability that a potential danger will occur, additional information, beyond that which can be derived from short-term aquatic toxicity tests, is necessary for risk assessment [14] .
MATERIALS AND METHODS

Air sampling
Three sites were chosen along the southern shore of Lake Michigan for the sampling of atmospheric particulate matter (Table 1) . Each site represents a different type of land use, including urban, industrial-impacted, and rural. The three sites are located in Milwaukee (WI, USA), Porter (IN, USA), and Bridgman (MI, USA). The Wisconsin site is primarily urban and is situated on the roof of the Great Lakes Water Institute (Milwaukee, WI, USA) at an established Wisconsin Department of Natural Resources air-monitoring platform. The Indiana site is located at the Indiana Dunes National Lakeshore Headquarters in the weather corral. This area is impacted by the heavy-industry corridor in and around Gary (IN, USA). The rural site is located in Bridgman, near Warren Dunes State Park (MI, USA). The primary land use is small town/rural. All the sites are located within one mile of Interstate 94. In addition to their representing different types of land use, these sites were chosen because of their accessibility, availability of electrical power, proximity to the lake, and sufficiency of open space for air sampling.
Atmospheric particulate matter was collected using General Metal Works Hi-Volume total suspended particulate matter (TSP) samplers (GMWL 2000; Thermo Andersen, Smyrna, GA, USA) on 8-ϫ 10-inch (20-ϫ 25-cm) quartz fiber filters and Zefluor filters (quartz filters and supported polytetrafluoroethylene filters from Pall Life Sciences, Ann Arbor, MI, USA). All atmospheric samples used in this project were TSP. Sampling took place during August 17-20, 2000 , with three consecutive 24-h samples being collected between noon on Thursday, August 17, and noon on Sunday, August 20. This sampling event is part of a larger project aimed at capturing seasonal variation in toxicity throughout the region. This August sampling event is one of three summer-season sampling events that will be reported in the future. Before sampling, the quartz fiber TSP filters were baked individually in aluminum foil packets at 550ЊC for 12 h, and these packets were subsequently stored in plastic bags in the freezer. The Zefluor TSP filters were not precleaned; they were stored individually in double plastic bags in the freezer. Each sampling site had two samplers, one designated for quartz TSP filters and the other for Zefluor TSP substrates. The samples collected on the quartz TSP filters were sampled at a flow rate of 1.42 m 3 /s, whereas the Zefluor TSP filters were sampled at 0.85 m 3 /s. After sampling, the filters were stored in their aluminum foil packets and/or plastic bags in the freezer until analysis.
Chemical analysis and extraction procedures
A schematic of the filter processing involved in chemical analyses and bioassays is shown in Figure 1 . Blank filters were run with all analyses, and blank subtraction was done on all chemical data. Beginning with the direct methods, gravimetric analysis was completed on the filters first, within two weeks of sampling. The Zefluor TSP and quartz TSP filters were weighed before and after sampling using a certified balance (model A200SFW; Sartorius, Goettingen, Germany) in a temperature-and relative humidity-controlled room. Organic and elemental carbon analysis was conducted on a portion of the quartz TSP filter using the thermal evolution and combustion method described by Birch and Cary [15] . A 1.45-cm 2 punch was used to remove a known area of filter that was then directly analyzed in the thermal evolution and combustion carbon instrument (Sunset Laboratory, Forest Grove, OR, USA). This method measures total carbon on the filter punch and reports the split between organic and elemental carbon fractions of total carbon based on temperature, evolution gas, and monitoring laser transmittance through the filter.
Besides mass, ion chromatography was the only other chemical analysis done on the Zefluor TSP filters (Fig. 1) . The reverse-osmosis water extraction was done on a 1.45-cm 2 punch of each Zefluor TSP filter in a 50-ml sterile centrifuge tube. The filter was first wetted with 0.3 ml of isopropyl alcohol to overcome the Zefluor TSP filter's hydrophobic nature, and then 30 ml of reverse-osmosis water were added. The tubes were then agitated for 3 h on a shaker. Ionic species measurements were determined using ion chromatography by the National Institute for Occupational Safety and Health Method 7903 on a DX-100 isocratic instrument with an AS4A solventcompatible column for anions and a CS12A column for cations (Dionex, Sunnyvale, CA, USA).
Two solvents were used in additional chemical analyses and bioassays, reconstituted hard freshwater [13] (reconstituted freshwater) and methylene chloride (Fig. 1) . The reconstituted freshwater extraction was done using one-quarter of each quartz TSP filter and 30 ml of reconstituted hard water. These were combined in a 50-ml sterile centrifuge tube and agitated on an orbital shaker for 2 h. The three 30-ml extracts for each site were then combined to create composite samples, one for each site. An aliquot of 1.5 ml was then removed for water-soluble metals analysis by inductively coupled plasma (ICP; Thermo Jarrell Ash, Franklin, MA, USA). The remainder of the reconstituted freshwater extract was reserved for bioassays.
Extraction by methylene chloride was accomplished using a Soxhlet extraction procedure. The three quartz TSP filters from each site were combined in one Soxhlet, using one-quarter of each filter. The three site composites were extracted for 24 h in 300 ml of methylene chloride and were concentrated to 2 ml. An aliquot of 150 l was reserved from the final 2 ml for detailed organic analysis, and the remainder was used for bioassays. The results from the detailed organic analysis will not be reported here.
Bioassays
Three bioassays were used in this preliminary study: S. capricornutum (green algae) growth test [12] , C. dubia acute toxicity test [13] , and MitoScan Reverse Electron Transport Bioassay (Mitoscan, Madison, WI, USA) test [16] . After a brief summary of the bioassay procedure in general, each test procedure will be described in detail. As shown in Figure 1 , bioassays were conducted using reconstituted freshwater and methylene chloride extracts of the filters. Each methylene chloride extract was exchanged with 1 ml of dimethyl sulfoxide and then diluted with reconstituted freshwater to 150 ml. The reconstituted freshwater extracts were also diluted to 150 ml with additional reconstituted freshwater before use in the bioassays. A dilution series composed of five different concentrations was run with reconstituted freshwater extracts for all three bioassays, but only the C. dubia test was run with a dilution series for the methylene chloride extract. However, for comparison purposes, singlepoint toxicity tests were run using both extracts with all three assays. For the single-point toxicity, the extract was diluted, if necessary, to 100 ml, and four replicates of this concentration were assayed. At the end of the testing period, the average percentage survival (C. dubia), percentage inhibition of growth (green algae), or percentage inhibition (MitoScan) was recorded. Quartz TSP filter and solvent blanks were run for each bioassay along with the sample quartz TSP filters to insure no toxicity was caused by the filter material or the method.
During the 48-h C. dubia acute test, the five dilutions for each sample were added to 30-ml polycarbonate cups. Each concentration was replicated four times with five neonates (age, Ͻ24 h) per test chamber. Tests were incubated at 20ЊC under fluorescent light (323-1076 lux) on a 16:8-h light:dark photoperiod. Survivorship at 48 h was recorded, and the concentration lethal to half the population (LC50) was calculated by the Probit or Spearman-Karber method as described by the U.S. Environmental Protection Agency [13] . Figure 2 is an example of a toxicity curve used to calculate the LC50. Each point represents the mean of the four replicates, and the LC50 is estimated using these points. Average percentage survival was reported for the single-point toxicity tests.
The algae growth test is a short-term, static toxicity test using the freshwater green alga, S. capricornutum [12] . During this test, the five dilutions for each sample were added to 3-ml wells in a 24-well plate. Each concentration was replicated four times. Wells were inoculated with algal cells at a density of 10,000 cells/ml. Nutrients were added to stimulate algal growth [12] , and tests were incubated at 25ЊC on a shaker table under continuous 4,000-lux illumination. Chlorophyll content at 96 h was measured with a CytoFluor II fluorescence multiwell plate reader (PerSeptive Biosystems, Framingham, MA, USA) with an optical emission filter (665/CHL EM) and an optical excitation filter (450/50 EX). The concentration that results in a 25% reduction in algal growth as compared to the control (IC25) was calculated by the U.S. Environmental Protection Agency ICP Program [12] . Average percentage inhibition of growth was reported for the single-point toxicity tests.
The MitoScan Reverse Electron Transport Bioassay was used to assess the toxicity of compounds that disrupt the respiratory functions or membrane integrity of mitochondria [17] . The assay uses a preparation of submitochondrial particles that are still capable of carrying out the mitochondrial enzymatic reactions. In this assay, the rate of nicotinamide adenine dinucleotide (NAD ϩ ) reduction is followed spectrophotometrically at 340 nm. The procedure was performed as described by the manufacturer [16] . Briefly, 0.235 ml of the five dilutions for each sample was added to wells in a 96-well plate. Each concentration was replicated four times. The reaction mixture (0.45 ml) containing the necessary components (including succinate, NAD ϩ , and submitochondrial particles) was added, and a baseline absorbance was monitored for 10 min. The reaction was then initiated by the addition of adenosine triphosphate, and the absorbance was tracked for an additional 30 min. The rate of the reaction (slope) was determined and the percentage inhibition of the sample calculated relative to the reconstituted hard water control. MitoScan results are reported as the concentration at which 50% inhibition (EC50) occurs as compared to the control. For samples with inhibition greater than 50%, the EC50 was calculated by linear leastsquares regression on the linear portion of the dose-response curve. Average percentage inhibition was reported for the single-point toxicity.
RESULTS AND DISCUSSION
Bulk chemistry
Bulk chemistry can be used to show general trends in the sampled particulate matter. However, conclusions about the sources of the ambient particulate matter using bulk data are limited. Detailed chemical characterization, including organic compound analysis, is required for accurate source apportionment. The concentration of bulk chemical species present in the TSP samples is given in Table 1 , with each measurement listed plus or minus the standard deviation for that sample. The total mass per volume of air (Table 1) each site was not statistically different and fell within the 95% confidence interval when compared by day. Because these are TSP samples, the sources of the particulate matter include combustion sources, physically generated dust and soil particles, secondary particulate matter produced in the atmosphere, and others. Less variability occurs by day for organic carbon, with values ranging from 2.93 Ϯ 0.20 g/m 3 (day 2 in Indiana) to 5.37 Ϯ 0.31 g/m 3 (day 1 in Michigan). The elemental carbon data show less correlation with total mass for the three sites but still appear to be quite similar in the general trend. The Indiana and Michigan sites had consistently low elemental carbon concentration for all three sampling days. The highest elemental carbon value occurred on day 3 in Wisconsin. This high value may result from the fact that the sampling site in Wisconsin (the Great Lakes Water Institute) is located near a large coal pile, and mechanically generated particles from the coal would affect the TSP loadings of elemental carbon on a windy day. However, atmospheric elemental carbon is also emitted during combustion, and its most common sources in the atmosphere include diesel exhaust, gasoline-powered motor vehicle exhaust, wood smoke, agricultural/brush-burning smoke, coal fly ash, and fuel oil boiler emissions [15] .
The concentration of ionic species in the samples was quite high on all days at all sites relative to the total mass. The trend in the ionic species in the Lake Michigan airshed appears to be regional. Generally speaking, sulfate arises from oxidation of sulfur dioxide (SO 2 ) emitted by fossil fuel combustion and industrial sources. In coastal areas, however, a major source of sulfate is sea spray. Nitrate is also a secondary chemical in the atmosphere, resulting from the atmospheric conversion of nitric oxide (NO) and nitrogen dioxide (NO 2 ) from fossil fuel combustion and industrial sources. Ammonia, from agriculture and livestock, partitions into the particle phase as ammonium for charge balance on sulfate or nitrate formation in the particulate matter. The sulfate values are obviously the highest of the ionic species concentrations for day 1 at the three sites. Wisconsin and Indiana are both over 4 g/m 3 , whereas Michigan is much lower, at 2.66 Ϯ 0.26 g/m 3 . Higher sulfate and nitrate values on day 1 were most likely caused by a change in meteorological conditions between days 1 and 2, with some influence from greater emissions of motor vehicle exhaust and coal combustion on weekdays. The ammonium values do not seem to correlate as well among the three sites. Each site, however, shows at least 2 d of high ammonium concentrations (i.e., Ͼ1.0 g/m 3 ).
The bulk metals, as measured by ICP, were in low concentrations compared to the rest of the bulk species. It should be noted that metals concentrations represent the amount of water-soluble metals in the particulate matter, not the total metal concentration, which requires acid-digestion of the sample before analysis. Also, because this analysis was conducted with the reconstituted freshwater, the minerals in the solvent water masked changes in the concentration of these elements in the extract. Wisconsin had the highest levels of aluminum, barium, manganese, and zinc; Indiana was the only site with measurable levels of boron and molybdenum. The copper concentration at all three sites was noticeably higher than other elements except calcium and potassium (Michigan, USA). Because these are all composite values, correlation of the metal concentrations across the three sites cannot be evaluated.
The mass balance for each sample is given in Figure 3 . A regional pattern can be seen when each day is compared across the three sites. As mentioned previously, the ionic species and the carbon species appear to be well correlated across the sites. The remainder of the mass balance lies in the other category, which is probably composed of crustal materials, including silicates. Because these are all TSP samples, the percentage of the total particulate matter mass represented by mechanically generated crustal material could be quite high. The total water-soluble metals are not included in the mass balance, because they were analyzed as 3-d site composites, like the bioassays. However, the sum of water-soluble metals for the mass balance of the 3-d composite is only 3% of the total mass. The chemical composition of the regional particulate matter varies from day to day. Although there appears to be limited spatial variation in the bulk chemical composition, noticeable temporal variation is observed. Bulk chemistry correlation among sites does not reflect the potential for great variation in the detailed chemical composition, including organic compounds and trace metals [18] [19] [20] . R.J. Sheesley et al. 
C. dubia bioassay
The LC50s for the C. dubia tests are shown in Figure 4 . The exact values for the LC50s and the corresponding 95% confidence intervals are listed in Table 2 . Differences were found in the toxicity by site and extraction solvent, with a few exceptions. The 95% confidence intervals confirm that the apparent spatial and extraction variability is significant. The water extract from Michigan does not have a confidence interval, because no variability was found among the replicates in the bioassay. The water extract from Indiana showed the most toxicity of the six samples; the methylene chloride extract from the same site showed the least toxicity. This extreme difference between the toxicity results for the same site illustrates that the same chemical species did not cause toxicity in both extracts. It would be expected that medium-to low-polarity organic compounds caused the toxicity in the methylene chloride extracts, whereas water-soluble metals and polar organic compounds were the chemical culprits that caused toxicity in the water extract.
From these few samples, it is apparent that the toxicity did not result predominantly from the bulk composition. The bulk chemical composition of the particulate matter at the different sites was very similar, but the toxicities were quite different. It can be inferred that the toxicity results from a combination of compounds in the extracts that vary from site to site. For example, specific organic compounds in the methylene chloride extract would differ in concentration at the different sites because of differences in local sources. Toxicity differences resulting from changes in pH caused by the high levels of ionic species in the samples would be minimized because of the buffering capabilities of the reconstituted freshwater.
Bioassay comparison
To better understand the toxic effects of ambient particulate matter, the single-point toxicity for C. dubia was compared to the single-point toxicities for Mitoscan Reverse Electron Transfer and green algae bioassays. Using single-point tests instead of dilution series allowed higher concentrations of particulate matter in the reconstituted freshwater and gave an approximation of the scale of toxicity of the samples. The results of the single-point tests are displayed in Figure 5 . The toxicities give a general idea of the sensitivity of each test relative to one another. However, it is important to remember that each test was reported with a different endpoint. Mitoscan was reported as the percentage inhibition of NAD ϩ reduction, the green algae bioassay was reported as the percentage inhibition of growth, and the C. dubia test was reported as the percentage mortality. With that in mind, the C. dubia test seems to be the most sensitive for the methylene chloride extracts. The concentration in the water extracts, however, was too high to enable comparison among the tests. In all cases except for the Michigan water extract in the green algae bioassay, the toxicity was off-scale at 100% inhibition or mortality.
To allow more robust comparison among the bioassays, dilution series testing was conducted on the water extracts at all sites with the three different bioassays. For comparison, the results from these tests along with those from the methylene chloride extracts for the C. dubia are shown in Figure 6 . Again, the endpoint for each method is different and should be kept in mind when comparing the results. The endpoint is LC50, IC25, and EC50 for C. dubia, green algae, and Mitoscan, respectively. In this set of samples, Mitoscan appears to be the most sensitive for the water extracts and the green algae bioassay the least sensitive. In the Michigan green algae test, an IC25 could not be calculated, because the concentration of particulate matter in the reconstituted water (80 mg/L) was not high enough to cause a 25% inhibition in growth. Obviously, this sample was much less toxic to the algae than it was to either the C. dubia or the mitochondria. The Michigan water extract showed the least toxicity of the three sites for each test. However, when comparing the solvent extract toxicity to C. dubia for each site, an opposite trend was seen, because the Michigan LC50 was similar to the Wisconsin value and a third less than the Indiana value. This illustrates, again, that different compounds in the methylene chloride extract and the reconstituted freshwater extract were causing toxicity in the bioassays.
The confidence intervals for the LC50s and the IC25s are given in Table 2 . The method for Mitoscan does not include calculation of confidence intervals, so these are not reported for the EC50s. By looking at the 95% confidence intervals, it can be seen that the LC50s for the methylene chloride and reconstituted freshwater extracts of Wisconsin were not significantly different from each other or the solvent extract from Michigan. The endpoint concentrations for the three bioassays ranged from 1.9 to more than 80.3 mg/L. This is a further indication that the bioassays were sensitive enough to differentiate among the ambient particulate matter samples and that the toxicity was not based on concentration of total particulate matter in the reconstituted water.
CONCLUSIONS
Although this study incorporated a limited number of samples, it serves to illustrate the efficacy of using bioassays to give an initial screening of ambient particulate matter toxicity. The bioassays were able to differentiate among the toxicities of ambient particulate matter from around Lake Michigan despite the regional similarities in bulk chemical composition. Additionally, the two extracts, methylene chloride and reconstituted hard freshwater, had different toxicities from one another for the three sites. These two results lead to the conclusion that the toxicity for the samples was not related to the total mass of particulate matter in the extract but to the trace chemical components of the particulate matter. In the future, correlation of the trace chemical components to toxicity should be evaluated. Expanding the scope of air sampling would allow further comparison of the bioassays to determine if the endpoint values are correlated. Additional samples would also allow analysis of seasonal variation in toxicity of particulate matter from the Lake Michigan airshed and would confirm toxicity differences by site location. Inclusion of particulate matter samples from major sources of atmospheric particulate matter would permit limited apportionment of the toxicity in the ambient particulate matter to the major sources in the region.
